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Abstract 
 
Fission yeast possesses a family of (1,3)-alpha-glucan synthase-related genes; one of 
them, mok1+/ags1+, plays an essential function in morphogenesis during vegetative 
growth. In this work we show that three mok1+ paralogs -mok12+, mok13+ and mok14+ -
are required for sporulation to succeed, acting at different stages of the spore wall 
maturation process. Mutation of mok12+ affected the efficiency of spore formation and 
spore viability. Deletion of mok13+ does not affect spore viability but the spores showed 
reduced resistance to stress conditions. mok14∆ mutant spores failed to accumulate the 
amylose-like spore wall-specific pigment. The absence of this material reduced the 
resistance of spores to different types of stress. mok12+, mok13+ and mok14+ expression 
was restricted to sporulating cells and the proteins localized to the spore envelope but 
with different timing. In vegetative cells, β-glucans are more abundant than α-
glucans (55 % versus 28%). In spores, the situation was the opposite, α–glucans 
accounted for 46% while β-glucans were approximately 38% of the total 
polysaccharides. We found at least two types of α–glucan polymers; Mok12p and 
Mok13p were involved in the synthesis of the greater part of α–glucan in the spores 
envelope, a polymer that is mainly digested with mutanase (α-1,3 glucanase), while 
Mok14p, homologous to starch synthases, was required for the synthesis of the iodine-
reactive polymer that is made of α-1,4 glucose residues and susceptible to digestion 
with amyloglucosidase (α-1,4, and α-1,6 glucanase). 
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Introduction 
 
The Schizosaccharomyces pombe cell wall is an extracellular matrix with a layered 
organization consisting of an outer layer of glycoproteins (9-14% α-galactomannan) 
and an inner layer of carbohydrate polymers. This carbohydrate layer is mainly 
composed of 1,3-β-glucan (48%) interwoven into a fibrillar network with 1,3-α-glucan 
(18-28%), although it also contains some 1,6-β-glucan (2%) (Manners and Meyer, 
1977). The job of the cell wall is to preserve the osmotic integrity of cells and determine 
cellular morphology during tip elongation, septation, mating, sporulation and 
germination growth. In all these morphogenetic changes, continuous cell wall polymer 
synthesis is required for viability (Duran and Perez, 2004; Ishiguro, 1998). 
Upon nutrient starvation, specially that of nitrogen, S. pombe cells exit the mitotic cycle 
at G1 and proceed through mating and two meiotic divisions to generate four haploid 
spores, for reviews see (Nielsen, 2004; Yamamoto et al., 1997; Yamamoto, 2004; 
Shimoda and Nakamura, 2004). These spores are formed within the old cell, which now 
becomes the ascus, and are surrounded by their own ascopore walls. These walls must 
be very different from the walls of vegetatively growing cells since they are designed to 
resist severe environmental stress. One of the most intriguing aspects of spore wall 
biosynthesis lies in the manner in which wall synthesis occurs. During mitotic cycles, 
cell wall synthesis extends from an old cell wall precursor, while in spores cell wall 
materials accumulate de novo in the lumen of the forespore membranes (FSM) 
(Shimoda, 2004). 
Electron microscopy has revealed that the S. pombe spore wall consists of an inner, 
electron-transparent layer and an outer, electron-dense layer (Yoo et al., 1993; Johnson 
et al., 1982). The inner layer is probably composed of polysaccharides similar to the 
wall of vegetative cells. When a germinated spore commences polarized growth, the 
outer, electron dense layer is locally disrupted, and the inner layer protrudes, which 
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indicates that the inner layer is structurally related to the vegetative cell wall and that 
the outer layer is spore-specific. There are few data concerning the chemical 
composition of spore walls in fission yeast. Two genes, bgs2+ and chs1+, which encode 
a β–glucan synthase and a chitin synthase respectively, are required for the formation of 
viable spores. Therefore, β–glucan and some type of chitin must be necessary 
components of spore walls (Martin et al., 2000; Arellano et al., 2000; Liu et al., 2000). 
Spores accumulate iodine-reactive polysaccharides (amylose-like) and the sporulating 
colonies can be distinguished from vegetative cells because they can be stained with 
iodine vapour. Several genes specifically involved in meiosis (mei and mes genes) and 
in the latest steps of sporulation (spo genes) have been cloned by phenotypic 
complementation of iodine-negative sporulation-deficient mutants (Bresch et al., 1968; 
Kishida and Shimoda, 1986). Curiously, the gene(s) responsible for the diagnostic 
iodine reaction have not been detected among the iodine negative mutants (Shimoda, 
2004). Other genes required for correct spore wall maturation, such as isp3+ and 
meu10+, have been identified by different approaches, such as isolating the cDNA 
clones that are upregulated during nitrogen starvation (isp) or during meiosis (meu) by 
subtraction screening (Sato et al., 1994; Watanabe et al., 2001; Tougan et al., 2002). 
Recently, a genome-wide expression approach by DNA microarrays has revealed that 
sporulation-specific genes are induced in waves of transcription (Mata, 2002). Genes in 
the late wave were induced after meiotic divisions and their expression remained high 
until the completion of sporulation. This group included genes upregulated under stress 
conditions, genes involved in cell-cycle regulation (wee1+ and fzr1+/mfr1+) and genes 
related to cell wall synthesis and degradation (Mata, 2002). 
 In fission yeast, α(1,3)-glucan synthesis is controlled by ags1+/mok1+ (for α(1,3)-
glucan synthase), which is an essential gene (Hoschstenbach et al., 1998; Katayama et 
al., 1999). α(1,3)–glucan synthesis is essential for correct cell wall morphogenesis, 
since a mok1 mutant with a reduced α(1,3)–glucan in its cell wall shows a loss of cell 
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polarity at restrictive temperatures (Katayama et al.1999; Hoschstenbach et al., 1998). 
In Aspergillus fumigatus, two α–glucan synthases (AGS1 and AGS2), highly 
homologous to those of S. pombe, are functionally different. Ags1 mutants show a 
reduced cell wall α(1,3)–glucan and altered cell polarity and conidiation, while Ags2 
has no cell wall modification but altered cell polarity (Beauvais, 2005). α–glucans are 
also present in medically important human pathogenic fungi such as Histoplasma 
capsulatum, Paracoccidioides brasiliensis, and Blastomyces dermatitidis. In this 
species, mutants with a reduction of α(1,3)-glucan in their cell wall are avirulent 
(Hogan and Klein, 1994; Klimpel and Goldman, 1988; San-Blas et al., 1977). Another 
human pathogen, Cryptococcus neoformans, holds a unique ags gene, and inactivation 
of this gene leads to a significant decrease in the α(1,3)-glucan content of the cell wall. 
Recently it has been shown that Cryptococcus requires cell wall α-glucan to anchor its 
capsule, which is critical for virulence (Reese and Doering, 2003). Despite their 
potential relevance for virulence, little is known about the biosynthesis of α–glucans in 
fungi. 
The role of α(1,3)-glucan in the S. pombe ascospore wall has not been investigated and 
is the aim of this work. Besides mok1+, there are four other α–glucan synthase and 
glucoamylase-related genes in the fission yeast genome: mok11+, mok12+, mok13+ and 
mok14+. All of them are transcriptionally activated in succession during 
meiosis/sporulation (Mata, 2002) in the order mok13<mok11<mok14<mok12. Here, we 
characterized the phenotypes of deletion mutants in these four genes. We show that, 
according to the expression pattern, Mok12p, Mok13p and Mok14p are required at 
different stages of the sporulation process and that the mutants show distinct defects in 
spore development. Mok12p and Mok13p are probably involved in the synthesis of the 
bulk of α(1,3)-glucan necessary for spore wall maturation and resistance to severe 
environmental stress. Biochemical and morphological assays revealed that Mok14p is 
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necessary for the synthesis of the iodine-reactive amyloid polymer characteristic of S. 
pombe spores. 
 
 
Materials and Methods 
Yeast strains, media, and culture conditions 
The genotypes of the S. pombe strains used in this study are listed in Table 1. Disruption 
mutants of S. pombe, mok12 (SKP12), mok13 (SKDP13) and mok14 (SKP1124) were 
isolated and analyzed in (Katayama et al., 1999). The strain disrupted for mok11 
(YS225) was obtained in this study (see below). The complete yeast growth medium 
(YES), selective medium (MM) supplemented with the appropriate requirements and 
sporulation medium (MEA) used have been described elsewhere (Moreno et al., 1991). 
For sporulation in liquid media MM-N (is MM from which NH4Cl has been omitted) 
and SPA (Egel, 1984) were used. Calcofluor White was prepared (15 mg/ml) in water 
with a few drops of 10 N KOH, filter-sterilized, and added as above to EMM medium 
or to YES medium, the latter previously buffered with 50 mM potassium hydrogen 
phthalate, pH 6.1. Crosses were performed by mixing appropriate strains directly on 
MEA plates and sporulated at 28ºC. Recombinant strains were obtained by tetrad 
analysis. For synchronous meiosis, diploid strains harbouring pat1-114ts homozygously 
were cultured in MM-N at 24ºC for 18h, after which the temperature was shifted to 
34ºC to induce meiosis (Iino, 1995). For overexpression experiments using the nmt1 
promoter, cells were grown in EMM containing 15µM thiamine up to the logarithmic 
phase. Then, the cells were harvested, washed three times with MM, and inoculated in 
fresh medium (without thiamine) at an OD600=0.01. 
 
Disruption of the mok11+ gene 
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mok11+ gene disruption was accomplished using the 6.3 Kb ApaI-BamHI deletion 
cassette from pNG7 to transform a diploid and a haploid strain (YS165 and YS64 
respectively). pNG7 is pSK+-his3+ (see below) with the 2 kb promoter and 2 kb 
terminator sequences of mok11+, amplified by PCR and cloned into ApaI–SalI (5´ to 
his3+) and PstI–BamHI (3´ to his3+), respectively. pSK+-his3+ is a pBluescript SK based 
vector with a 2.4 kb PstI-DraI fragment from pJB1 containing the his3+ gene (Burke 
and Gould, 1994). Correct deletion of the mok11+ open reading frame (ORF) was 
confirmed by PCR analysis using the following oligonucleotides: Mok11c3 (5´-
GGAAGAAGAGTCGTC-3´) upstream from nucleotide -2233 and therefore external to 
the deletion cassette at its 5´ end and M11del4 (5´GGACAACCGTAGAAGTTTC-3´) 
at the 3´ end of the deletion fragment. A diploid strain that was heterozygous for the 
mok11::his3+ allele was subjected to tetrad analysis. his+/ his- segregation in tetrads was 
regular, indicating that mok11+ is not essential for vegetative growth (data not shown). 
Gene replacement was also confirmed by genomic Southern blotting of a tetrad (data 
not shown). 
 
 
Isolation of genomic mok12+, mok13+ and mok14+ sequences 
mok12+ was obtained from cosmid SPBC32H8 in two pieces. First we cloned a 7.6 kb 
PstI-BamHI fragment in pAL-KS+ (S. pombe ars1+ and S. cerevisiae LEU2 selection), 
and then we introduced a 2.6 Kb PstI-PstI fragment adjacent in the cosmid (containing 
the mok12+ promoter region) to obtain pNG27 (pAL-mok12+) bearing the entire mok12+ 
ORF and flanking sequences. pNG25, containing the mok13+ ORF and flanking 
sequences was obtained by Gap repair (Orr-Weaver, 1991). Upstream (2 kb) and 
downstream (2 kb) flanking sequences from mok13+ obtained by PCR amplification 
were subcloned in SalI-SmaI and SpeI-NotI of pAL-KS+. The plasmid was linearized 
with the 5´ and 3´ fragments at the ends and was used to transform the wild-type 
 7
haploid strain (YS64). The gap in the plasmid was repaired using the chromosomal 
sequences and the plasmids were recovered from yeast. Transformants were replica-
plated five times consecutively on YES medium and those able to lose the plasmid were 
selected. pNG14 (pAL-mok14+) containing mok14+ ORF and flanking sequences was 
obtained by Gap repair as described above. Upstream (1.6 kb) and downstream (2 kb) 
flanking sequences from mok14+ obtained by PCR amplification were subcloned in 
ApaI-SalI and SacII-SacI of pAL-KS+. The plasmid was linearized with SmaI and was 
used to transform the wild-type haploid strain (YS64). 
 
Plasmids and strains construction 
Strains containing a chromosomal copy of mok12+ (YS295) and mok13+ (YS296) 
tagged with the green fluorescence protein (GFP) were obtained by a PCR-based 
approach as described by (Bähler et al., 1998). For mok12+ primers 5´- 
GCTTTTATATTGCACTAATATGTCAATTTGTAGCTGTTGGAGGATTGCTCTAT
CACTATCGTAAAAGTCAGCTTGCTCTTGGTGGTGGTGGGATCCCCGGGTTAA
TTATTA-3´ and 5´ GATCAATA ATTTAACACTAGCAAAAAAAAAGGT AAT 
TTTTTTTTATCAAATG GCTATTAA ATTACATCTA ATTAAAAA TTGA ATTC 
GAG CTCGT TTA AAC-3’ were used to amplify GFP-kan from pFA6a-GFP (S65T)-
kanMX6. mok13+ was tagged as above by using primers 5´-TTT GGA TTTGTT TGAT 
TTCA CAAATT GCTGTTAGT GCTGGTTACTTGTTG TTTTTT CG CCG AGA 
AAA TTTAAGTCGGCCTCGGTCCCCGGGTTAA TTA-3´and 5´-CAAA TAATTG 
TACACCC CTCTC AAA GTT TC CTA TACAC ATACAAT TA GTT AAA AGA 
ATA TAATTAAATAAAGAAATTC TA G AA TTCGAGCTC GTTT AAA-5´.  
pNG15 is pNG14 (pAL-mok14+) with NotI from the multiple cloning site destroyed and 
with  NotI and SmaI inserted by site-directed mutagenesis just before and after the TAG 
stop codon of mok14+, respectively. The GFP epitope (Fernandez -Abalos et al., 1998) 
was inserted in-frame at the NotI site of pNG15 creating pNG16 (pAL-mok14+-GFP, 
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GFP inserted at aminoacid 1368). pAL-mok14+-GFP fully complemented the mok14∆ 
iodine-phenotype. Strain YS601, with the mok14+-GFP integrated under its own 
promoter, was constructed by subcloning the mok14+ tagged with GFP (from plasmid 
pAL-mok14+-GFP) into the integrative vector pIJ148 (Keeney, 1994), resulting in 
pIJ148-mok14+-GFP. This plasmid was cut with Eco47III and integrated in the leu1 
locus of strain YS263.  
The nmt1 promoter from vector pREP3X (Forsburg, 1993) was used to overexpress 
mok12+, mok13+ and mok14+. Plasmid pNG27 (pAL-mok12+) was modified by 
introducing a SalI site before the start codon of the coding sequence. To create pnmt1-
mok12+, an ApaI-SalI fragment from pNG27-SalI containing the mok12+ promoter was 
substituted by another fragment (PstI-SalI) containing the nmt1 promoter  from 
pREP3X. pnmt1-mok13+ was obtained from pNG25 (pAL-mok13+) modified by site-
directed mutagenesis to create a SmaI site before the ATG. A SalI-SmaI fragment from 
pNG25-SmaI containing the mok13+ promoter was substituted by another fragment 
(PstI-SmaI) containing the nmt1 promoter. To create pnmt1-mok14+, a SalI and a SmaI 
site were inserted at position –2 before the ATG and just after the TAG stop codon, 
respectively, in pNG14 (pAL-mok14+). Then, a SalI-SmaI fragment containing the 
mok14+ ORF from plasmid pNG14 was ligated into the SalI-SmaI sites of plasmid 
pREP3X.  
 
Southern and northern analyses 
Total genomic DNA was digested with restriction enzymes, fractionated on a 1% 
agarose gel, and then transferred onto nylon membranes (Sambrock and Russell, 2001). 
Total RNA was prepared from S. pombe cultures using the Trizol reagent (Gibco/BRL) 
(Chomczynski, 1993) and fractionated on a 1.5% gel containing 3.7% formaldehyde 
(Sambrock and Russell, 2001).  Ribosomal RNAs were stained with ethidium bromide 
and used as loading controls and size markers. DNA probes were labeled with [α-
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32P]dATP by the random hexanucleotide labeling procedure (Feinberg, 1983). The 
DNA probes used to detect the different transcripts were: mok11+ (an internal fragment 
from nt +4887 to nt +5725 obtained by PCR), mok12+ (an EcoRI/ EcoRI internal 
fragment from nt +149 to nt +569 of the ORF), mok13+ (an internal fragment from nt 
+4229 to nt +5294 obtained by PCR) and mok14+ (an internal fragment from nt +1 to nt 
+453 obtained by PCR).  
 
Labeling and fractionation of cell wall polysaccharides 
For labeling the newly synthesized spore wall polysaccharides, exponentially growing 
cultures of S. pombe diploid cells grown in YES media were transferred to MM and 
grown overnight until an OD600=0.8. Then, cells were shifted to nitrogen-deficient 
medium (SPA) supplemented with [U14-C] glucose (1 µCi/ml), and incubated for an 
additional 48h at 28ºC. To calculate the amount of radioactivity of each polymer, cells 
were harvested and total glucose incorporation was monitored by measuring the 
radioactivity in trichloroacetic acid-insoluble material. Mechanical breakage of cells 
was performed using prechilled glass beads added to the cells, and lysis was achieved in 
a Fast-Prep System (Bio 101, Savant), using six 15 seconds-intervals at speed 6. Cell 
walls were pelleted at 1000 X g for 5 min and washed three times with 5% NaCl and 
three times with 1mM EDTA. Aliquots (100 µl) of total wall were incubated with 100 U 
Zymolyase 100T, 100 U Quantazyme (Quantum Biotechnologies Inc.) or 50 U of 
Mutanase (α(1,3)-glucanase, kindly provided by Dr. Fulgsang at Novo-Nordisk, 
Denmark). Aliquots without enzyme were included as controls. The samples were 
centrifuged and supernatant and washed pellet were counted separately. The 
supernatants from the Zymolyase 100T reaction were considered to contain β–glucan 
plus galactomannan, and the pellet was considered to hold α–glucan. The supernatants 
from the Quantazyme reaction were considered to harbour β-glucan, and the pellet was 
considered to hold α–glucan plus galactomannan (Pérez and Ribas, 2004). 
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 Colorimetric estimation of amylose-like polymer with iodine 
Cells from crosses or h90 strains were sporulated on MEA plates for 3 days. Amylose-
like polymer was extracted with KOH following the method described by (Krisman, 
1962) with some modifications: approximately 1 ml of cells with O.D. 10 were 
centrifuged, resuspended in 0.1 ml of water and lysis was achieved in a Fast-Prep 
System (Bio 101, Savant), using three 20-second intervals at speed 5.5. 0.9 ml of 33% 
KOH solution was added and the mixture was heated at 100ºC for 20 min and cooled. 
Cell debris, if present, was removed by centrifugation. After adding 1.3 ml of 96% 
ethanol and mixing, the solution was heated to boiling, and immediately cooled in an 
ice bath to aid the precipitation of amylose. The supernatant obtained by centrifugation 
at 3000 rpm for 15 min was poured off and the tube drained onto a filter paper. To 
neutralize the excess of alkali 0.2 ml of saturated NH4Cl was added to the tube and 
carefully mixed with a glass rod. The tubes were then heated for 5 min at 100ºC. To 
develop the iodine reaction, samples were cooled; 0.2 ml of distilled water and 2.6 ml of 
iodine reagent solution were added, and absorbance was measured at 560 nm. A blank 
without cells, amylose from potato (0.7 mg/ml) (Calbiochem, 172675) and oyster 
glycogen (0.7 mg/ml) (Sigma, G-8751) were used as standards and were treated in the 
same way. All samples were duplicated in each experiment. An Iodine-iodide solution 
(2.6% of I and 2.6% of KI in water) and Iodine reagent (130ml of CaCl2 saturated 
solution mixed with 0.5 ml of iodine-iodide solution and stored in the dark at 4ºC for 
less than a week) were used. 
Digestions with recombinant Mutanase were performed in samples obtained as above in 
0.2 ml of sodium acetate buffer, pH 5.5. 100 U/ml of mutanase were added and then the 
samples were incubated for 16 hours at 37ºC. Amyloglucosidase (Sigma A-7420) was 
added at 100 U/ml and the samples incubated in the same conditions.  
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 Microscopy techniques 
Spore images were obtained directly from the growing plate with a Zeiss Axiophot 
microscope, a Plan-NEOFLUAR 40x/0.75 Ph2 objective, a RT Monochrome SPOT 
digital camera and SPOT V3.4.2 software (Diagnostic Instruments). Spore nucleus and 
cell wall staining was essentially as described, suspending the cells in PBS containing 
(Cfw, 20µg/ml for 5 min at room temperature) and Hoechst (No. 33258, Sigma). The 
localization of Mok12-GFPp, Mok13-GFPp and Mok14-GFPp was visualized in living 
cells. Images were obtained with a DMRXA microscope (Leica, Wetzlar, Germany).  
 
 
Assays for resistance of spores to heat, ethanol and helicase 
The homothallic (h90) strains to be tested were sporulated on MEA medium at 28ºC for 
5 days. For thermotolerance, equal portions of the spore suspension (measured by 
O.D600) were transferred to glass tubes and exposed to 55ºC for various lengths of time 
as previously described (Sanchez et al., 1990). Following heating, cells were transferred 
to ice, diluted in ice cold water and plated onto YES medium. To measure tolerance to 
other stresses, spores were treated with ethanol (30 %) and left to stand in an incubator 
at 25ºC. At regular intervals, a small portion of the spores suspension was mixed with 
>10-fold volume of distilled water. After appropriate dilution, the cells were grown on 
YES plates for 3 days. For helicase (β-glucuronidase/arylsulfatase obtained from Helix 
pomatia, Roche) treatment, sporulated cultures obtained as above were incubated with 
0.2% of the enzyme cocktail for 16 hours. The same dilutions of each strain were spread 
on YES plates and incubated for three days. A portion reserved without treatment was 
considered as 100 % of survival. All experiments were repeated a minimum of three 
times. 
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Results 
 
The α–glucan synthase family in fission yeast 
There are five genes in S. pombe that constitute the α(1,3)-glucan synthase gene family 
and they are designated as: mok1+, mok11+, mok12+, mok13+ and mok14+. The predicted 
mok11+, mok12+, mok13+ gene products encode large proteins (2,397, 2,352, and 2,358 
amino acid residues, respectively) whereas mok14+ encodes a smaller protein (1,369 
amino acid residues). Homology searching and structural analysis showed that four out 
of the five genes share a common structure, with five domains: (i) a signal peptide, (ii) 
an alpha-amylase homology domain, (iii) a single transmembrane domain, (iiii) a 
glycosyl-transferase homology domain and (v) a carboxy-terminal domain that predicts 
several membrane-spanning domains. mok14+ encodes a smaller protein which lacks the 
NH2-terminal alpha-amylase homologous region (Fig.1A). These polypeptides share 
between 40% to 50% amino acid sequence identity (50-60% similarity), suggesting that 
they are paralogs.  
In the present study we investigated the function of mok11+, mok12+, mok13+ and 
mok14+ using the deletion mutants described previously (see MATERIALS and 
METHODS, (Katayama et al., 1999). It was known that individual, double 
mok11∆mok12∆ or triple mok11∆mok12∆mok14∆ disruptions did not affect viability 
(Katayama et al., 1999). We obtained a quadruple mutant strain 
mok11∆mok12∆mok13∆mok14∆ (YS694) and found that the cells were viable too. 
mok11∆, mok12∆, mok13∆ and mok14∆ single mutant cells as well as cells of the 
quadruple null mutant did not exhibit any morphological changes, as judged by light 
microscopy and Calcofluor fluorescence used to monitor cell wall growth (Alfa et al., 
1993). The strains grew at similar rates in standard growth conditions at either 28ºC or 
37ºC and entered the stationary phase at the same time as wild-type cultures. Since 
mutations in other genes involved in cell wall biosynthesis confer hypersensitivity or 
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resistance to antifungal agents such as Echinocandins (Ech) (Cortes et al., 2005); 
(Tajadura, 2004), we examined the sensitivity of single null mutants to different 
concentrations of Ech (0,1-1,5 µg/ml) and Cfw (0,5-1,5 mg/ml). There was no obvious 
difference in growth between the mutants and the wild-type strains under any of the 
conditions assayed. 
 
 
Expression of the mok1+ paralogs is sequentially induced during the sporulation 
process 
We looked at the expression profiles of the mok+ genes by RT-PCR. We obtained 
mRNAs from logarithmic phase, stationary phase, sporulating (12 hours) and 
germinating (6 hours) cells. mok1+ was expressed in all four conditions while mok11+, 
mok12+ and mok13+ were highly induced in sporulation; we were unable to detect the 
expression of mok14+ in any of the conditions assayed (our unpublished results). To 
pinpoint the exact time at which the mok genes serve their role during sporulation, the 
meiotic time-course of moks expression was examined by Northern analysis. 
Synchronous meiosis was induced using the temperature-sensitive pat1-114 mutation 
(see MATERIALS AND METHODS). As shown in Fig. 1B, no mRNA from the mok 
genes was detectable in vegetative cells (at 0 h); however, mok11+ and mok13+ mRNAs 
were sharply induced at 4 h after the shift. mok14+ mRNA peaked at 6 h, when cells 
were in meiosis II and the maximum accumulation of mok12+ mRNAs was observed 
between 6 and 8 h, although mok12+ mRNA levels remained high during the time the 
first mature asci were observed (10 to 12 h). The induction profile of the mok genes is 
similar to that described by (Mata, 2002) available on the S. pombe gene database 
(http://www.genedb.org/genedb/pombe/index.jsp. Accordingly, mok11+ and mok13+ 
correspond to genes expressed in the middle group (meiotic divisions) while mok12+ 
and mok14+ belong to the late group (spore formation).  
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The expression pattern of mok genes suggested that they play a role mainly in 
sporulation. We therefore examined the phenotypes of mok11∆, mok12∆, mok13∆ and 
mok14∆ cells during sexual development. The mating rate was not affected in 
homozygous crosses of h+ and h- cells of each of the mutants (not shown), but we did 
observe sporulation defects in some of them. In wild-type, mok11∆ and mok14∆, 70% 
of the culture showed birefringent ascospores after 24 h. By contrast, we observed that 
ascospore formation was severely affected in mok12∆ mutants. 30% of the zygotes were 
unable to develop any ascospore, and the rest had three or four ascospores with different 
degrees of refringence (Fig. 1C). Asci from mok13∆ mutants enclosed four ascospores 
that did not display the characteristic refringency of the wild-type (Fig.1C). The 
sporulation defect in mok12∆ and mok13∆ homozygous crosses was rescued by a 
plasmid carrying the mok12+ gene (pNG27) and the mok13+ gene (pNG25) respectively 
but not by vector alone (pAL) (data not shown). Moreover, sporulation in heterozygous 
crosses (mok12∆ x mok12+) and (mok13∆ x mok13+) generated phenotypically wild-
type asci with four viable and refringent ascopores. These results therefore indicate that 
mok12+ and mok13+ are required for spore development and that the mok12∆ and 
mok13∆ alleles are recessive. 
 
 
Alpha glucan is diminished in the spore walls of mok12∆ and mok13∆ mutants 
Next, we analyzed whether Mok12p and/or Mok13p could be acting as alpha-glucan 
synthases during the sporulation process. Asci from wild-type (YS165), 
mok12∆/mok12∆ (YS628) and mok13∆/mok13∆ (YS629) diploid cells were labeled and 
fractionated (see MATERIALS AND METHODS) and the results are shown in Fig. 2A. 
We found that the amount of α–glucan in wild-type sporulating cultures (48%) was 
significantly higher than the amount of α–glucan in the walls of vegetative cells (28-
30%) and that each of the mutants, mok12∆ or mok13∆, showed a reduction in the α–
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glucan content as compared with the wild-type strain (29% and 30% in the mutants 
versus 48% in the wild-type). By contrast, there was an increase in β–glucan that 
partially compensated the decrease in α–glucan. The cell wall fractionation protocol for 
vegetatively growing cells has been ascertained by different methods (Perez and Ribas, 
2004; Magnelli et al., 2005). In our protocol of spore wall polymers fractionation, α–
glucan was calculated as the pellet obtained after Zymolyase 100T treatment. 
Zymolyase contains β1,3–glucanase, protease, and mananase activities but does not 
contain β1,6–glucanase and α–glucanase activities (Pérez and Ribas, 2004). To double 
check the α–glucan composition of the spore wall, we also tested the amount released 
after treatment of the spore walls with recombinant mutanase (α(1,3)-endoglucanase, 
kindly provided by Dr. Fulgsang at Novo-Nordisk, Denmark). Digestion with this 
enzyme degrades unmodified α(1,3)-glucan (Fuglsang et al., 2000). The amount of 
radioactivity released was 45.5 % of the total of the cell wall, corresponding to the 
amount of α(1,3)-glucan detected previously. The results obtained from these analysis 
indicated that the bulk of the spore wall α–glucan is made of α(1,3)-glucan and that 
Mok12p and Mok13p are specifically involved in its biosynthesis. 
To determine whether mok12+ and mok13+ play any role in α–glucan biosynthesis 
during vegetative growth, we analyzed the α–glucan content of null and overexpressor 
mutants as compared with that of the wild-type. For overexpression experiments, 
plasmids containing the whole mok12+ and mok13+ ORFs, respectively, were 
constructed in a vector under the control of the thiamine-repressible nmt1 promoter 
(Forsburg and Sherman, 1997). High levels of Mok12p (pREP3X-mok12+) produced 
slow growth in wild-type cells, while overexpression of Mok13p (pREP3X-mok13+) did 
not elicit any apparent phenotype (Fig. 2B). Analysis of the α–glucan content during 
vegetative growth revealed no differences between the mutants, overexpressors (OP), 
deletion mutants, and wild-type cells (our unpublished results). 
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We then asked ourselves whether overexpression of mok12+, mok13+ or mok14+ might 
be able to suppress the phenotype of the mok1-664 mutant. mok1-664 mutant cells 
display a remarkable temperature-dependent shape phenotype; at restrictive 
temperature, cells become rounded and cell lysis occurs (Katayama et al., 1999). mok1-
664 cells bearing pREP3X, pREP3X-mok12, pREP3X-mok13 or pREP3X-mok14 were 
grown in MM at the permissive temperature, and in these conditions all the strains grew 
well on plates (Fig. 2C). When thiamine was removed to enhance mok+ gene expression 
and the cells were incubated at the restrictive temperature, overproduction of either 
Mok12p or Mok13p largely rescued the growth of the mok1-664 mutants, shown in Fig 
2C. The rounded shape seen in the mok1-664 mutant at 37ºC returned to the wild-type 
morphology in the mutant cells that overexpressed mok13+, while overexpression of 
mok12+ corrected cell morphology even better (Fig. 2C). The results suggest a 
functional relationship of Mok12p and Mok13p with Mok1p. 
 
 
Mok12p is required for spore viability  
To study the mok12∆ sporulation defect in more detail we constructed a mok12∆ h90 
(YS259) and the isogenic h90 wild-type parental strains (YS260). Growing mutant and 
wild-type cells were transferred to sporulation media (MEA) in order to induce meiosis. 
Both the first and the second meiotic divisions in the mutants proceeded with kinetics 
similar to those of wild-type cells. However, in the mok12∆ mutant we observed that 
some zygotes failed to form regular-shaped spores, as assessed by phase-contrast 
microscopy and Hoechst staining (Fig. 3A). By direct counts under the microscope, we 
determined the number of asci showing none, one, two, three or four refringent 
ascospores after 48 hours in sporulation medium (Fig. 3B); the results clearly showed 
that mok12∆/mok12∆ diploids are diminished in their ability to produce asci with four 
mature ascospores. This phenotype was not due to a delay in meiosis or ascospore 
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formation, because prolonged incubation in sporulation media did not increase 
sporulation efficiency. In fact, as incubation in sporulation medium progressed, the 
number of asci containing diffuse and extranumerary Hoechst-stained foci increased, 
perhaps due to a failure in proper assembly of the cell wall.  
To determine whether the absence of mok12+ blocked spore development, we next 
examined the viability of mok12∆ spores by plating single spores on solid medium by 
micromanipulation. More than 200 spores were randomly isolated. Most of the wild-
type spores were viable and formed colonies (84.9 %), whereas the viability of mok12∆ 
spores was substantially reduced (7.7 %). Taken together, these results indicate that the 
main consequence of the absence of the mok12+ gene product is a defect in the latest 
steps of spore development, findings that are in consonance with the role of Mok12p as 
a putative glucan synthase necessary for cell wall assembly. 
To test the possibility that the mok12∆ mutation could be affecting early stages of 
sporulation, the envelopes of developing spores were stained with a GFP-tagged marker 
protein (Mde10 fused to GFP in plasmid A799 was kindly provided by Dr. Hiraoka, 
Kobe, Japan)(Ding et al., 2000) (Nakamura et al., 2004). Homothallic strains, wild-type 
and mok12∆ both transformed with A799, were cultured in sporulation medium and 
stained with Hoechst. As shown in Fig. 2C, most of the mok12∆ asci showed four 
spore-like structures outlined by the GFP signals. Successful encapsulation of daughter 
nuclei largely depends on the proper development of the forespore membrane. 
Therefore, it is highly probable that the mok12 mutation does not impair the normal 
development of the forespore membrane.  
 
 
 
Mok12p localizes to the spore envelop 
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We next reasoned that the subcellular localization of Mok12p might well provide a clue 
to its biological function. To this end, the coding sequence of the Green Fluorescence 
Protein (GFP) was fused in-frame before the stop codon of mok12+ using a PCR-based 
approach (Bähler et al., 1998). The C-terminus was chosen because a putative signal 
sequence is present at the N-terminal end of the protein, which could be important for 
entry into the secretory pathway and the proper localization of the putative synthases. 
The resulting strain contained the fusion under the control of the native mok12+ 
promoter and the fusion protein was fully functional. As shown in Fig. 3D, the 
fluorescence signal appeared to be localized as small dots all around the spore 
periphery, probably associated with the forespore inner membrane. According to the 
timing of expression of its RNA, Mok12-GFP fluorescence appeared in the fraction of 
cells that had already undergone meiosis I and II, where the spores outline is perfectly 
defined probably due to an incipient cell wall. This finding let us to wonder whether β–
glucan synthesis (dependent of Bgs2p) would occur before or after α–glucan deposition 
(dependent on Mok2p). To this end, we analysed the ascus phenotype of a mok12∆ 
bgs2∆ h90 strain and found that the bgs2∆ phenotype clearly predominated over the 
mok12∆ phenotype. 
 
 
mok13+ is required for the assembly of functional spore walls 
The viability of mok13∆ homozygous crosses assayed by micromanipulation of 
individual spores was very similar to that of the wild-type spores (data not shown), 
indicating that the absence of mok13+ was not necessary for survival under laboratory 
conditions. Normal asci with mature functional spore walls are resistant to heat-shock 
and to some organic solvents and enzymes (Egel, 1977; Shimoda, 1980). To determine 
whether mok13∆ mutants assemble functional spore walls, wild-type and mutant h90 
cells incubated in sporulation media for 24 hours were tested for tolerance to heat 
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shock, helicase and ethanol. In thermotolerance and enzymatic digestion tests, wild-type 
spores showed very high levels of tolerance. However, the plating efficiency of mok13∆ 
mutants was reduced by at least five-fold after 1 hour of incubation at 55ºC (70% in 
wild-type compared to 11% in the mutant) and by two-fold after helicase digestion (Fig. 
4A). Moreover, the resistance of mok13∆ spores to ethanol was approximately two 
orders of magnitude lower than that of wild-type spores (10% in wild-type versus 0.1% 
in the mutant) (Fig. 4A). Thus, according to functional criteria, mok13∆ asci are unable 
to assemble functional spore walls.  
The localization of Mok13-GFP was examined in h90 Mok13-GFP-tagged cells (YS296) 
(see MATERIALS AND METHODS) at different times after being in sporulation 
medium (MEA).  As shown in Fig 4B, GFP-tagged Mok13 appeared first as two pairs 
of bright arcs; the two cup-shaped membranes that face each other and surround each of 
the anaphase II nuclei (our unpublished results) (Shimoda, 2004). Then, Mok13-GFP 
fluorescence appeared to be localized uniformly in the spore periphery, probably 
associated with the forespore membrane (FSM) that engulfs the haploid nucleus. The 
fluorescence signal was present only in cells that had not yet developed the four spore 
envelope. In mature asci, Mok13-GFP fluorescence was dispersed in the spore´s 
cytoplasm, and was probably degraded (see the ascus labelled with an arrow in Fig 4B). 
 
 
 
mok14+ is required for synthesis of the sporulation-specific amylose-like polymer. 
It is known that after a short exposure to iodine vapors colonies of fission yeast 
containing only vegetative cells appear in yellow (negative iodine reaction), while 
colonies containing spores appear in dark brown (positive iodine reaction). This 
reaction is due to the presence of an amylose-like substance in the spores. Since the 
nucleotide sequence of the mok genes shows a region of homology to starch synthases, 
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we wondered whether the iodine-positive reaction was blocked in any of the mok∆ 
mutants. Only mok14∆/mok14∆ homozygous crosses showed a negative iodine reaction 
after sporulation (yellow), compared to a wild-type cross (positive control, dark brown) 
and a pat1-114 diploid mutant unable to sporulate in MEA at 28ºC (negative control, 
yellow) (Fig. 5A).  This phenotypic defect was rescued by a plasmid carrying the 
mok14+ gene, thus indicating that the mok14∆ allele is recessive. 
Mok14p holds exclusively the intracellular domain that showed amino acid sequence 
similarities to starch synthases from several plants and the glycogen synthase of 
Escherichia coli and cyanobacterium (Furukawa et al., 1993). Starch and glycogen 
synthases catalyze biosynthetic reactions in which the substrate UDP-glucose or ADP-
glucose is polymerized into linear α(1,4)-glucan. To elucidate the nature of the spore 
polymer that reacted with iodine, we extracted the polymer from h90 wild-type cells 
sporulated on MEA plates for 3 days (MATERIALS AND METHODS). We estimated 
the wavelength of the polymer’s maximum absorption after the iodine reaction. The 
maximum absorbance was scored at 560 nm, between glycogen (440 nm) and amylose 
(690 nm), probably a property related to the degree of branching of the polysaccharide 
(not shown). We then determined the timing of the iodine-reactive polymer 
accumulation during synchronous meiosis. To induce synchrony in meiotic divisions, a 
log-phase culture of cells harboring the pat1-114 mutation, grown in MM without 
nitrogen, was incubated at restrictive temperature (34ºC) and samples were taken every 
2 hours after induction. The iodine-reactive polymer abruptly increased in the late 
sporulation process (6-8 h), just before the appearance of visible spores (8-10 h) (Fig. 
5B). The iodine-reactive material was absent from heterothallic haploid strains (h+ and 
h-) and the homothallic strain harboring a mutation in the mat2-P gene (Fig. 5D), which 
was unable to undergo the first meiotic division (Köhli et al., 1977). 
To shed further light on the nature of the polymer extracted, we digested the material 
with recombinant mutanase, an enzyme with endoglucanase activity that degrades 
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branched α(1,3)-glucan (also called mutan) (Fuglsang et al., 2000) and with 
amyloglucosidase (EC 3.21.3) an exo-amylase that removes α–1,4-linked and α–1,6-
linked glucoses from starch (Coutinho and Reilly, 1994). As expected, the glucanase-
insensitive polymer recovered was different; after mutanase treatment most of the 
polymer left reacted with iodine, indicating that α(1,3)-glucan linkages were not 
abundant or accessible. However, the amyloglucosidase digested most of the material 
extracted from the spores (Fig.5C).  These results point to a structure similar to starch.  
We next analysed whether the Mok14 protein was involved in the synthesis of the 
amylose-like polymer. We assayed the iodine reactivity of the polymer extracted from 
3-day sporulated cultures of h90 wild-type (YS260), mok11∆ (YS783), mok12∆ 
(YS259), mok13∆ (YS258) and mok14∆ (YS263) mutant cells and from wild-type cells 
that overexpressed mok14+ under the control of the inducible promoter nmt1 (see 
MATERIALS AND METHODS). The results revealed that in the mok14∆ mutant the 
iodine-reactive material was almost undetectable as compared to wild-type and the other 
mok mutants levels (Fig. 5D), while cells that overexpressed mok14+ (pREP3X-mok14) 
showed a 2.5-fold increase in the amount of amylose-like polymer as compared to wild-
type cells transformed with an empty plasmid (pREP3X) (Fig. 5D). Overproduction of 
Mok14p (pREP3X-mok14) in vegetative cells did not raise the amount of amylose-like 
polymer and surprisingly was deleterious for the cells. These results indicate that the S. 
pombe Mok14p is clearly necessary for the synthesis of the sporulation-specific iodine 
reactive polymer. 
Additionally, we mutated the conserved tetrapeptide sequence Lys-X-Gly-Gly (where X 
is an unconserved residue) at the putative nucleotide-glucose-binding site in Mok14p. 
That motif, conserved in many starch and glycogen synthases, is essential in E. coli 
glgA glycogen synthase for substrate binding and for efficient catalysis (Furukawa et 
al., 1990; Furukawa et al., 1993). The lysine residue at position 274 was mutated to 
glutamic acid and the two glycyl residues at position 276 and 277 respectively were 
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replaced by alanines by site-directed mutagenesis (Fig. 5E). The resulting mutant alleles 
K274E and G276, 277A, integrated in a single copy in a mok14∆ mutant background, 
failed to complement the defect in accumulation of iodine–reactive polysaccharides 
(Fig.5E), suggesting that the cause of the sporulation deficiency (iodine-negative 
reaction) would be a lack of Mok14p activity as a synthase, not a lack of the Mok14 
protein itself. Taken together, these results show that the synthesis of the amylose-like 
polymer detected in S. pombe spores depends on mok14+ and that this gene does indeed 
code for a protein with synthase activity. 
 
 
The amylose polymer and Mok14p are distributed between the ascospore envelope 
and the ascal sac 
For Mok14p localization, the coding sequence of Green Fluorescence Protein (GFP) 
was fused in-frame before the stop codon (MATERIALS AND METHODS).  The 
localization experiment was performed in a strain carrying a deletion of mok14+ and a 
single copy of the Mok14-GFP fusion integrated at the chromosomal leu1 locus. 
Curiously, Mok14-GFP appeared to be localized to structures around each of the 
nuclear lobes but also in the ascal sac that holds the spores together, outlining the ascus 
(Fig. 6A). The fluorescence signal was completely absent in vegetative cells. We 
therefore wondered what polymer distribution in sporulated cultures was like. h90 wild-
type (YS260) cells were cultured on MEA plates for several days until most of the 
ascospores had been released from the ascus wall naturally. Then, the spores and ascal 
debris were resuspended in water and the spores were collected by centrifugation in 
glycerol. The supernatant was diluted in water and the ascal sacs and cells debris were 
collected. The results, shown in Fig 6B, indicated that most of the iodine-reactive 
material was bound to the ascal debris (77 %) while ascospores had 22 %. Similar 
 23
results were obtained when purified spores and ascal debris (containing mainly ascal 
walls and a few spores) were spotted onto a plate and assayed with iodine vapour.  
The viability of mok14∆ spores assayed by micromanipulation of isolated spores was 
very similar to that of the wild-type spores (data not shown), indicating that a lack of 
mok14+ was not necessary for survival under laboratory conditions. We therefore 
wished to know whether the amlylose polymer might be involved in protection during 
scarcity or environmental stress. The plating efficiency of mok14∆ spores was reduced 
by three-fold after heat shock (70% in wild-type compared to 18.7 % in the mutant) and 
two-fold after helicase digestion (Fig. 6C). However, tolerance to ethanol in mok14∆ 
spores was the same as that of wild-type spores (not shown), indicating that different 
polymers might be involved in tolerance to different types of stress.  
 
 
 
Discussion 
S. pombe contains five putative α-GS catalytic subunits; with the exception of Mok1p, 
their involvement in α(1,3)-glucan synthesis has not yet been elucidated. The most 
prominent feature of mok1 homologues is that their expression is specifically induced 
during sporulation and that at least three of them, mok12+, mok13+ and mok14+, are 
involved in spore wall formation. This situation seems to be different from that of the β-
glucan synthase family, in which three proteins (Bgs1p, Bgs3p and Bgs4p) are 
necessary during vegetative growth and only one, Bgs2p, is essential for proper spore 
wall maturation, suggesting a prominent role for α–glucan synthesis during sporulation 
(Liu et al., 1999; Martin et al., 2000; Cortes et al., 2002;  Martin et al., 2003 ; Cortes et 
al., 2005). To our knowledge, it is not known what the total amount of α–glucan is or 
what sort of α–glucan polymers are present in the spore envelope. Fractionation of cell 
wall polysaccharides (labeling the cells with radioactive glucose) in vegetative cells 
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revealed a composition different from that found in mature spores. In vegetative cells, 
the ratio between β–glucan and α–glucan is approximately 1.7 (there is more β-glucan 
than α-glucan, 55 % versus 28 %), while in spores the ratio fell to 0.73, (β-glucan 35% 
versus α–glucan 45 %). What kind of α-glucan is present in sporulating cultures? We 
found that at least two types of α–glucan were present: (i) an abundant polymer with α–
1,3-glucan linkages, released from the spore walls when they were treated with 
recombinant α(1,3)-glucanase (approximately 45% of the total spore wall), (ii) an 
α(1,4)-glucan polymer that reacted with iodine and that was mainly degraded in the 
presence of amyloglucosidase (an α(1,4)- and α(1,6)- glucanase). 
In S. cerevisiae the spore wall contains four distinct layers. The first two strata are 
mannan and β-(1,3)-glucan and are similar in composition to the vegetative wall 
(Miller, 1989). The outer portion of the spore wall is unique to the spore and is 
composed primarily by chitosan (deacetylated chitin) and outside the chitosan a layer of 
cross-linked tyrosine molecules (Briza et al., 1986; Briza et al., 1988). S. pombe spore 
walls contain β–glucan (Liu et al., 2000; Martin et al., 2000), but neither chitin nor 
chitosan have been clearly detected (Arellano et al., 2000; Matsuo et al., 2005). It is 
therefore reasonable to speculate that α-(1,3)-glucan synthases have specialized to 
assume multiple essential functions in later steps of the sporulation process. In this 
sense, it has been suggested that cell-wall α-glucan may play a structural role in the 
pathogenic fungus Aspergillus fumigatus, based on the observation that it may replace 
chitin in a chitin synthase double mutant (Mellado et al., 2003). 
 
 
Role of mok12+ and mok13+ in spore wall development. 
Several lines of evidence indicate that Mok12p is required for the completion of the 
final steps of spore wall maturation. First, in mok12∆ homozygous crosses the number 
of mature spores per ascus was substantially reduced, and the viability of the few spores 
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that were produced was very low. Although most mok12∆ asci were able to complete 
meiotic divisions, as assayed by Hoechst staining and microscopic observation, the final 
appearance of the mutant spores was variable. In an attempt to identify the steps in 
spore morphogenesis that were impaired by the mok12 disruption, we used the GFP-
fused spore rim marker Mde10p to look at spores envelopes (Ding et al., 2000; 
Nakamura et al., 2004). Each of the spores was bounded by a forespore membrane, 
indicating that the surface architecture of the spore was normally developed. Second, 
cells lacking the mok12+ gene were more sensitive to heat shock or ethanol than wild-
type cells, indicating that they were unable to assemble a functional spore wall, the 
cellular structure responsible for the extreme resistance to stress conditions 
characteristic of mature spores (not shown). Third, mok12+ expression was induced 30-
fold after the second meiotic division (at about 5.5h) and the transcript was maintained 
until mature spores appeared between 10-12 h. Mok12 tagged with GFP localized to 
structures around each of the four nuclear lobes and appeared when the spore outline 
was visible under the phase contrast microscope. 
The correlation of the expression of mok12+ with the synthesis of the spore cell wall, as 
well as the fact that Mok12p was highly homologous to α-GS catalytic subunits, 
suggests that the mok12+ gene is directly involved in α(1,3)-glucan synthesis. We 
observed that mutation of the mok12+ gene resulted in a 40% reduction in the amount of 
α–glucan in spores. Moreover, Mok12p overproduction rescued the lysis and the 
rounded morphology of mok1-664 cells grown at restrictive temperature, providing 
confirmatory results for the hypothesis that Mok12p would indeed synthesize α-glucan 
but at a different stage of the cell cycle than Mok1p, the major α-GS. It is likely that α–
glucan synthesis would occur within the prospore membrane after the deposition of 
other layers on the spore surface, such as β-glucans. In agreement with this, we found 
that the bgs2∆ phenotype (the beta GS sporulation specific) predominated over the 
mok12∆ phenotype in crosses of bgs2∆ mok12∆ double mutants (results not shown). 
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Taken together, all these results indicate that Mok12p functions late in sporulation, 
when the maturation and assembly of the spore cell wall occur. 
Mok13p is also required to complete the final steps of spore wall maturation. mok13∆ 
spores have lost their characteristic refringency, they were more sensitive to heat shock, 
and they died very fast in the presence of ethanol. A striking feature of the mok13+ gene 
product was its timing of expression and its localization. mok13+ expression was 
strongly stimulated during meiotic divisions. Mok13-GFP became evident close to the 
nuclei after the second meiotic division. The fluorescent signal was visible as a pair of 
semicircles, their concave sides being opposite each other; the semicircles then extended 
and eventually closed to encapsulate each meiotic nucleus (our unpublished results). 
Mok13-GFP signal disappeared when mature spores were discernible by phase-contrast 
microscopy (Fig. 4B). The observed development of the fluorescence image strongly 
suggested that Mok13-GFP localized to the forespore membrane FSM. 
 The presence of Mok13p in the early stages of sporulation raises an interesting 
question. When does de novo construction of the multilaminar extracellular spore wall 
start? Ascospore morphogenesis begins with the formation of the forespore membrane 
(FSM) within the cytoplasm of the cell that encapsulates each of the haploid daughter 
nuclei (Shimoda, 2004). Prespores mature while spore wall components are deposited in 
the luminal space between the outer and the inner leaflets of the FSM (Yoo et al., 1973) 
(Lynn and and Magee, 1970). In S. cerevisiae, with the exception of mannoproteins, 
deposition of cell wall material is never seen until after the closure of the prospore 
(forespore in S. pombe) membrane, suggesting that the cell may have some mechanism 
to trigger spore wall formation in response to prospore membrane closure (Tachikawa et 
al., 2001; Coluccio et al., 2004). Here we show that Mok13p is synthesized and 
localized before the nuclei are captured. Our data also indicate that Mok13p would be 
involved in α–glucan synthesis, since the mok13∆ mutants show diminished α–glucan 
levels and the protein was able to partially substitute for Mok1p when expressed 
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ectopically during vegetative growth. Mok13p could be involved in the synthesis of α–
glucan, for example serving as a guide for the forespore membrane to close around the 
nucleus, as has been suggested for some septins in S. cerevisiae (Fares et al., 1996).  
Based on the mutant phenotypes, Mok12p and Mok13p could be involved in the 
synthesis of different polymers and not in different steps of the same pathway. 
Overexpression of mok13+ in a multicopy plasmid, driven by its own promoter, failed to 
rescue the defect in mok12∆ spores, conversely, overexpression of mok12+ in a 
multicopy plasmid was not able to complement the mok13∆ spores phenotype. This lack 
of complementation was not a consequence of the mok13+ gene being expressed earlier 
than mok12+ in the sporulation cycle, because the same negative result was obtained 
when the experiments were performed with the mok13+ ORF under the control of the 
mok12+ promoter in a multicopy plasmid (I. Garcia, unpublished results). Moreover, 
mok12∆/mok13∆ double mutant spores were much more sensitive to heat shock than 
spores of each individual mutant, thus indicating additive defects. In sum the lack of 
different enzymatic activities or layers may influence the degree of resistance to 
different types of stress.  
 
mok14+ is required for the synthesis of the amylose-like polymer  
Early geneticists working in S. pombe devised a handy staining procedure for 
sporulating colonies on agar plates; this involves a brief exposure to iodine vapour, 
which stains the amylose present in the ascospores of the fission yeast (Leupold, 1955; 
Egel, 2000). Since then, several non-sporulating mutants have been obtained using the 
iodine-based screening system (Bresch et al., 1968; Kishida and Shimoda, 1986). 
We developed a colorimetric protocol to detect the iodine-reactive material present in 
sporulated S. pombe cultures (Krisman, 1962). Synchronous sporulating S. pombe 
cultures accumulated the iodine–reactive polymer just before mature spores appeared 
and the amount persisted for several days after sporulation, as long as the spores did not 
 28
start germination. Here we report genetic and biochemical evidence in support of the 
notion that Mok14p would be involved in the synthesis of this polymer. (i) Mok14p is 
the shortest protein of the α–glucan synthase family and contains only the domain that 
presents significant similarity to starch and glycogen synthases (Katayama et al., 1999); 
(ii) the polymer extracted from S. pombe was mainly digested by amyloglucosidase (an 
enzyme with activity α(1,4) and α(1,6)-endoglucanase) and was not degraded by 
mutanase (a recombinant α(1,3)-glucanase); thus it is likely to be made of glucose 
monomers joined by α-1,4 linkages, such as starch or glycogen; (iii) both deletion and 
overexpresion of mok14+ gene produce changes in the level of the iodine-reactive 
polymer extracted. In mok14∆ sporulating cultures the amount was almost undetectable, 
while cells overexpressing mok14+ produced twice the amount of the wild-type and 60-
fold more than the mok14∆ mutants. (iiii) the failure of the mok14K274E or 
mok14G276AG277A alleles to complement the mok14∆ defect strongly suggests that 
the iodine-negative phenotype would be due to a lack of the glucan synthase activity of 
Mok14, not a lack of the Mok14 protein itself.  Lys-274 and Gly-276 and Gly-277 
residues belong to the conserved Lys-X-Gly-Gly tetrapeptide also present at the ADP-
glucose-binding site of Escherichia coli glycogen synthase and the UDP-glucose-
binding site in rabbit muscle glycogen synthase (Furukawa et al., 1993). The results 
reported here suggest that Lys-274 and the two Gly residues would be necessary for 
function; whether they are involved in nucleotide binding or catalysis will require 
further studies. (v) mok14+ expression and activity were restricted to sporulation. We 
observed that the expression of mok14 was induced in the sporulation process 6 h after 
meiosis. Moreover, overexpression of mok14+ in vegetative cells did not lead to a rise in 
the amount of the iodine-reactive polymer, producing a lethal heterogeneous phenotype 
that resembled that of the mok1 mutant; these defects could be due to interference by the 
overproduced Mok14 with regulators required for other Mok proteins, such as Mok1p. 
A striking feature of Mok14 was its localization. The predicted mok14+ product was a 
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membrane-bound enzyme and Mok14p localized to the spores envelope but also seemed 
to sketch the ascal sac containing the four ascospores. We therefore wondered whether 
the polymer was bound to the ascospore wall or to the ascal envelop. Curiously, the 
answer is both: a small amount 22% was bound to the spores while 77% was left in the 
ascal ghosts. These results suggest that at least in part the amylose layer is not tightly 
bound to the spore wall. From our previous observations showing that none of the mok 
deletion mutants showed any changes in the polymer extracted, it seems that other α–
glucans are not necessary for correct synthesis or localization of the amylose polymer. 
Moreover, other mutants with defects in spore wall development such as bgs2∆, chs1∆, 
and meu10∆ (Arellano et al., 2000; Martin et al., 2000; Tougan et al., 2002) are all 
iodine-positive, suggesting that a well organized spore wall is not necessary for the 
synthesis or deposition of the polymer. 
In sum, our initial studies of a set of mutants in proteins of the Mok family other than 
Mok1p have defined several steps in the assembly of the spore wall structure. These 
results provide an outline of α-glucan synthesis during sporulation and to our 
knowledge this is the first report that demonstrates the requirement of α–glucan and α–
glucan synthases in this process. Further studies to determine the precise molecular 
mechanisms through which each gene product described here functions to promote 
assembly should provide a more complete understanding of the de novo formation of a 
complex extracellular matrix. 
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 Tables  
 
Table 1. S. pombe strains used in this work 
_________________________________________________________________________________ 
Strains  Genotypes 
_________________________________________________________________________________ 
SKDP13a  h+ /h- mok13::kanR mok13+ his7/his7 leu1-32/leu1-32 ura4-D18/ura4 D18 
 ade6 M210/ade6 M216 
SKP12a  h- mok12::ura4+ his7 leu1-32 ura4-D18 ade6 M210 
SKP1112 a h- mok11::ura4+ mok12::ura4+ mok14::kanR ura4-D18 leu1-32 ade6-M210 
PN22b  h- leu1-32      
YS64  h- leu1-32 ade6M210 ura4D-18 his3D1 
YS71  h+ leu1-32 ade6M210 ura4D-18 his3D1     
DH664c  h- mok1-664 leu1-32 
YS8  h+ mok1-664 his3-D1 
YS225  h+ mok11::his3 ura4-D18 leu1-32 ade6M210 
YS226  h- mok11::his3 ura4-D18 leu1-32 ade6M210 
YS219  h+ mok12::ura4+ ura4D-18 leu1-32 ade6M210 his3D1 
YS220  h- mok12::ura4+ ura4D-18 leu1-32 ade6M210 his3D1 
YS37  h+ mok13::kanR leu1-32 ade6M210 ura4D-18 his3D1 
YS38  h- mok13::kanR leu1-32 ade6M210 ura4D-18 his3D1 
YS221  h+ mok14::kanR ura4-D18 leu1-32 his7 ade6-M210 
YS222  h- mok14::kanR ura4-D18 leu1-32 his7 ade6-M210 
YS227  h+ mok11::his3 his3-D1 mok12::ura4+ura4-D18 mok13::kanR ade6M210 leu 1-32   
YS230  h- mok11::his3 his3-D1 mok12::ura4+ura4-D18 mok13::kanR ade6M210 leu 1-32   
YS260  h90 leu1-32 ade6M210 ura4D-18 his3D1 
YS783  h90 mok11::his3+ ura4D-18 leu1-32 his3-D1 ade6M210 
YS259  h90 mok12::ura4+ ura4D-18 leu1-32  
YS258  h90 mok13::kanR  ura4D-18 leu1-32 his3-D1 
YS263  h90 mok14::kanR ura4-D18 leu1-32 his7 ade6-M210 
YS262  h90 mok12::ura4+ mok13::kanR ura4D-18 leu1-32ade6-M210 
YS295  h90 leu1-32 mok12-GFP:kanMX6 
YS296  h90 leu1-32 mok13-GFP:kanMX6 
YS601  h- ura4-D18 his7 ade6-M210 mok14::kanR leu1-32 leu1+:mok14+-GFP 
YS165  h+/h- leu1-32/ leu1-32 ade6M210/ade6M216 ura4D-18/ ura4D-18 his3D1/his3D1 
YS628  h+/h- leu1-32/ leu1-32 ade6M210/ade6M216 ura4D-18/ ura4D-18 
 mok12::ura4+/mok12::ura4+ 
YS629  h+/h- leu1-32/ leu1-32 ade6M210/ade6M216 ura4D-18/ ura4D-18 his7/his7 
 mok13::kan+/mok13::kan+ 
YS682  mat2P-B lys1-131 
YS694d  h+ mok11::his3+ his3-D1 mok12::ura4+ura4-D18 mok13::kanR mok14::kanR ade6M210 leu 1-32  
YS746  h90 mok14::kanR ura4-D18 leu1-32 his7 ade6-M210 Pleu1+::mok14 G276A, G277A:leu1+   
YS782  h90 mok14::kanR ura4-D18 leu1-32 his7 ade6-M210 Pleu1+::mok14 K274E :leu1+ 
SM964b  h-/h- pat1-114/pat1-114 ade6M210/ade6 M216 leu1-32/leu1-32 
_________________________________________________________________________________________   
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All strains were generated in this study except for strains with label a from T. Toda (Laboratory of Cell Regulation, ICRF, London), 
labelb from S. Moreno (CIC, University of Salamanca), labelc from P. Perez (IMB, University of Salamanca) and labeld from J.C. 
Ribas (IMB, University of Salamanca). 
 
 
 
 
 
Figure Legends 
 
Fig.1. The Mok family in sporulation. (A) Schematic representation of structural 
features of the Mok family of conserved proteins analysed by the SMART program 
(Letunic, 2002) (http://smart.embl-heidelberg.de/). The structure of each protein is 
shown at the same scale (indicated at the top as the number of amino acids), with two 
boxes indicating the conserved regions between the proteins, a ticked-box for the 
putative α–amylase domain and a grey-box for the glycogen synthase homology region. 
A black box in the N-terminal region indicates the predicted secretory signal sequence, 
while striped boxes marked the membrane-spanning domains (central and C-terminal). 
(B) mok11+, mok12+, mok13+ and mok14+ genes are highly induced during meiosis. 
Synchronous meiosis was induced in diploid cells carrying the pat1-114ts temperature-
sensitive allele by a temperature upshift (34ºC) after overnight incubation in nitrogen-
free medium at permissive temperature (25ºC). Total RNA samples were prepared at the 
indicated times and subjected to Northern blot analysis. Ethidium bromide staining of 
rRNA is presented as a loading control. The kinetics of meiosis in the pat1-114ts mutant 
was followed by staining a portion of the culture at each time point with Hoechst and is 
shown in the lower part. (C) Sporulation phenotype of wild-type (YS71xYS64), 
mok12∆ (YS219xYS220) and mok13∆ (YS37 xYS38) mutant crosses incubated for 24h 
in MEA. Interferential contrast micrographs are shown.  
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Fig. 2. Mok12p and Mok13p act as glucan synthases. (A) Cell wall composition in asci 
containing spores from mok12∆ and mok13∆ diploids. The relative levels of [U14-C] -
glucose radioactivity incorporated into each cell wall polysaccharide are shown for: 
wild-type (YS165), mok12∆/mok12∆ (YS628) and mok13∆/mok13∆ diploid cell 
(YS629). For labelling diploid cells grown in YES media were transferred to MM and 
grown overnight until an OD600=0.8. Then, cells were shifted to nitrogen-deficient 
medium (SPA) supplemented with glucose and were incubated for an additional 48 h at 
28ºC. Values are the means of three independent experiments with duplicate samples. 
Standard deviations for total carbohydrate values are shown. (B) Ectopic overexpression 
of mok12+ produced slow growth in wild type-cells. Wild-type cells transformed with 
pREP3X (empty vector), pREP3X-mok12 (mok12+ overexpression) or pREP3X-mok13 
(mok13+ overexpression) were streaked onto MM plus thiamine (repressed conditions) 
or MM (derepressed conditions) and incubated at 32ºC for 3 days. (C) Suppression of 
the thermosensitive growth phenotype of the mok1-664 mutants by overexpression of 
mok12+ and mok13+. DH664 (mok1-664) was transformed with pREP3X (empty 
vector), pREP3X-mok12 (mok12+ overexpression), pREP3X-mok13 (mok13+ 
overexpression) and pREP3X-mok14 (mok14+ overexpression). Transformants were 
streaked onto MM (derepressed conditions) and incubated at either 28ºC or 37ºC for 3 
days. DIC (differential interference contrast) images of mok1-664 transformed with 
pREP3X (empty vector), pREP3X-mok12 (mok12-OP), pREP3X-mok13 (mok13-OP) 
grown in MM w/o thiamine (derepressed conditions) o/n at 28ºC and then incubated for 
6 h at 37ºC. 
 
 
Fig. 3. Characterization of mok12 disruptants. (A) Typical morphology of mok12∆ asci. 
The homothallic haploid strains YS260 (h90 mok12+) and YS259 (h90 mok12∆) were 
incubated on MEA plates for 2 days. Interferential contrast (Nomarsky) and the 
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corresponding photomicrographs of Hoechst-stained cells are shown. (B) Efficiency of 
ascospore formation in mok12∆ homothallic crosses. Wild-type and mok12∆ cells were 
cultured and examined as described in A. Asci with none, one, two, three or four 
refringent ascospores were counted directly under the microscope 2 days after the 
induction of meiosis; each cross was performed three times independently, and at least 
500 asci were counted in each case. (C) Encapsulation of nuclei in mok12∆ spores. 
Wild-type (YS260) and mok12∆ (YS259) cells harbouring the A799 plasmid were 
incubated in MEA sporulation medium. Cells were examined by interferential contrast; 
forespore membranes were visualized by fluorescence (Mde-GFP) and the nuclei by 
Hoechst staining. In both strains, most of the spore envelope encapsulated a single 
nucleus. (D) Localization of Mok12p during sporulation. Mok12p was detected in cells 
of strain YS295 carrying the chromosomal copy Mok12p tagged with GFP and 
incubated in sporulation medium for 24 h. 
 
 
Fig.4. Mutation of mok13+ strongly reduced spores natural high tolerance to stress. (A) 
A homothallic haploid strains YS260 (h90) and YS258 (h90 mok13∆) were incubated on 
MEA. After 4 days, spores were resuspended in 1 ml of water to the same O.D.600 20. 
For thermotolerance, one aliquot was maintained at 25ºC while the others were 
incubated at 55ºC for the times indicated. Following heating, spores were transferred to 
ice, diluted in ice-cold water and immediately plated on YES plates. For tolerance to 
helicase and ethanol, spores from homothallic mok13 mutant and wild-type strains 
prepared as above were incubated with or without 50% helicase or with or without 30% 
ethanol at room temperature for different lengths of time. (B) Localization of Mok13p 
during sporulation. Cells from strain YS296 carrying the chromosomal copy Mok13p 
tagged with GFP were sporulated on MEA and observed by interferential contrast and 
fluorescence after 7-10 h. 
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Fig.5. Synthesis of the amylose-like polymer detected in S. pombe spores depends on 
mok14+. (A) Crosses from wild-type strains (YS37xYS38), mok11∆ (YS225xYS226), 
mok12∆(YS219xYS220), mok13∆ (YS37xYS38), mok14∆ (YS221xYS222) and h-/h- 
pat1-114/pat1-114 (SM964) were spotted onto a MEA plate and incubated for 36h at 
28ºC. h-/h- pat1-114/pat1-114 cells are diploid cells unable to sporulate at 28ºC and 
were therefore used as a control. Cells were stained with iodine vapours for 1-2 minutes 
and photographed. (B) Time-course of amylose–like polymer accumulation in wild-type 
sporulating cells. Synchronous meiosis was induced in diploid cells carrying the pat1-
114ts. Samples of cells (1x108) were prepared at the indicated times and the amylose-
like polymer was extracted and assayed using the iodine reaction (MATERIALS AND 
METHODS). The percentage of mature spores at each time point is shown at the top of 
the plot. (C) The amylose–like polymer was susceptible to degradation by 
amyloglucosidase. Cells from a wild-type h90 strain (YS260) were sporulated on MEA 
plates for 3 days and the amylose-like polymer was extracted from 1x108 cells. 
Equivalent aliquots either untreated or digested with mutanase (100 U/ml) or 
amyloglucosidase (100 U/ml) were incubated o/n at 37ºC. After enzymatic digestion, 
the remaining polymer was assayed by the iodine reaction. (D) Absorbance of the 
amylose-like polymer extracted from wt (YS260), mok11∆ (YS783), mok12∆ (YS259), 
mok13∆ (YS258), mok14∆ (YS263), mat-2P (YS682) and wt cells (YS260) transformed 
with plasmid pREP3X-mok14 (Mok14-OP) or vector alone (pREP3X). Cells were 
cultured and sporulated as described in C. (E) The iodine-reactive polymer depends on 
mok14+. Absorbance of the amylose-like polymer extracted from wt (YS260), mok14∆ 
(YS263), mok14G276AG277A (YS746) and mok14K274E (YS782) strains sporulated 
on MEA plates for 3 days.  
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Fig. 6.  (A) Localization of Mok14p during sporulation. Homothallic YS601 cells 
carrying a deletion of the mok14+ gene and a Mok14-GFP fusion integrated at the leu1 
locus were sporulated for 15- 20 h and photographed as above. (B) The amylose–like 
polymer was distributed between the asca and the spores envelope. Cells from a wild-
type h90 strain (YS260) were sporulated on MEA plates for one week. Spores and cell 
debris (ascal sacs and vegetative cells) were separated by centrifugation through 
glycerol. The absorbance of the amylose-like polymer extracted from the two fractions 
is shown. (C) Homothallic haploid strains YS260 (h90) and YS263 (h90 mok14∆) were 
incubated on MEA. After 4 days, the spores were resuspended in 1 ml of water to the 
same O.D.600 20. One aliquot was maintained at 25ºC while the others were incubated at 
55ºC for the times indicated.  Following heating, spores were transferred to ice, diluted 
in ice-cold water, and immediately plated on YES plates. For tolerance to helicase, 
aliquots with or without 50% helicase were maintained at room temperature for various 
lengths of time, diluted, and plated. 
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 Fig. 4
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